Introduction
Over the last decades, III/V semiconducting nanowires have emerged as potential candidates for various electronic and opto-electronic device applications such as field effect transistors [1, 2] and photovoltaic devices [3] . In particular, InAs nanowires have been widely used due to their high electron mobility and narrow direct band gap [1] . However, as discussed by other research groups [4, 5] , the electron mobility for InAs nanowires is considerably lower than the reported bulk value [6, 7] , which could degrade the device performance. This is typically attributed to enhanced surface scattering in nanowires. To address this problem, several research groups have suggested the growth of a thin epitaxial shell around InAs nanowires to confine the electrons inside the InAs nanowire, and enhance its electrical properties [4, 5, 8] .
InP has been suggested as an appropriate shell material on InAs nanowires, due to its suitable conduction band offset. There have been numerous reports of both optical [9] [10] [11] [12] and electrical [4, 5] investigations of InAs/InP core-shell nanowires, indicating intriguing properties such as improved electron mobility [4] . However, in order to fully utilize the potential of this structure for investigation of nanowire physical properties, it is necessary to understand the fabrication process needed to obtain uniform shells with well-controlled thickness. However, there are to date no detailed investigations of the growth process of InAs/InP core-shell nanowires. Such studies could provide insight into the basic processes involved in the epitaxial growth of mismatched radial heterostructures, in addition to a higher control of the fabrication process.
One very important parameter for investigation is crystal structure. It is well known that the nanowire geometry leads to the development of crystal phases in III-V semiconductors not accessible in bulk, and crystal structure engineering has become an important topic for InAs in particular [13, 14] . Several reports have indicated that crystal structure plays an important role in the electrical properties [15] [16] [17] , but to fully investigate these effects, a passivating epitaxial shell is needed. However, it has been shown that radial overgrowth on different InAs crystal phases proceeds very differently [13] , which has been shown to have severe consequences for core-shell structures in similar material systems [18] . Notably, all experimental studies of the properties of core-shell InAs/InP nanowires have investigated only the hexagonal wurtzite crystal structure [4, 5, [9] [10] [11] [12] .
In this work, we have studied InP shell growth on different InAs crystal structures and morphologies by tuning the InP shell growth parameters and controlling the shell thickness. The growth is performed by metal-organic vapor phase epitaxy (MOVPE). InAs core nanowires with wurtzite (WZ), zinc-blende (ZB), and ZB twin-plane superlattice (TSL) crystal structures are grown via the particle-assisted growth mode and the use of Au aerosol nanoparticles. Additionally, different facet terminations of TSL structures were investigated to determine the role of facet orientations for a common crystal structure. Thereafter an InP shell is grown epitaxially and the samples are ex situ characterized using scanning electron microscopy (SEM), high resolution and scanning transmission electron microscopies (HRTEM and STEM), and x-ray energy dispersive spectroscopy (XEDS).
Experimental details
Nanowires were grown on two types of substrates decorated with Au aerosol nanoparticles with an areal density of 1 µm −2 and various diameters [19] . WZ nanowires were grown on both InAs(111) substrates and InAs layers were epitaxially grown on the Si(111) substrates [20] . However, ZB and TSL nanowires were grown only on InAs(111) substrates.
Growth was carried out in a low pressure (100 mbar) horizontal MOVPE reactor (Aixtron 200/4). Trimethylindium (TMIn), arsine (AsH 3 ), and phosphine (PH 3 ) were used as precursors. The total flow was 13 l min −1 and hydrogen was used as a carrier gas. After loading the samples inside the reactor, first the samples were annealed at 550 • C to desorb the native oxide from the surface. In the next step, InAs nanowires were grown at conditions suitable to yield the various crystal structures. WZ InAs nanowires were grown at 420 • C for 10 min using 20 and 40 nm diameter Au nanoparticles. The WZ nanowires grown with 40 nm Au nanoparticles were prepared using TMIn and AsH 3 with molar fractions of 4.6 × 10 −6 and 3.85 × 10 −4 , respectively. In the case of 20 nm diameter Au nanoparticles, TMIn and AsH 3 molar fractions of 3.48 × 10 −6 and 2.31 × 10 −4 were used, respectively. ZB InAs nanowires were grown for 15 min using 40 nm diameter Au nanoparticles at 380 • C with TMIn and AsH 3 molar fractions of 6.96 × 10 −6 and 9.23 × 10 −4 , respectively. Prior to the ZB growth, a short WZ stem was grown to assist the nucleation. TSL InAs nanowires were grown for 20 min using 80 and 90 nm diameter Au nanoparticles at 460 • C with TMIn and AsH 3 molar fractions of 3.48 × 10 −6 and 1.54 × 10 −3 , respectively, which yielded nanowires with {111}-type microfacets. To achieve {110}-type facets, TSL InAs nanowires were overgrown for 10 min with the same TMIn molar fraction and AsH 3 molar fraction of 2.31 × 10 −5 .
Following growth of InAs nanowires, InP growth was commenced using TMIn and PH 3 molar fractions of 2.79 × 10 −5 and 3.46 × 10 −2 , unless stated otherwise. An axial segment of InP was grown before commencing radial growth, as discussed in section 3. The InP growth temperature and time varied for each crystal structure and are further discussed in section 3.
Morphological and structural characterization of the nanowires was performed by SEM-Zeiss LEO 1560-and TEM-JEOL 3000F. Prior to TEM characterization, the nanowires were broken off from the substrate and transferred onto carbon Cu grids. In addition, high angle annular dark field STEM (HAADF STEM) and XEDS were used to determine the shell thickness and the chemical composition of the obtained nanowires. The scale of the XEDS data was calibrated according to the HAADF STEM data.
Results and discussion

General trends
Prior to the shell growth study, we investigated the growth of high-quality InAs core nanowires with WZ, ZB, {111}-and {110}-type faceted TSL crystal structures to obtain the optimized growth parameters [21] . Stacking defects (stacking faults and/or twin planes) may act as nucleation sites for the shell material and cause inhomogeneous shell growth [22] , and so we aimed for parameters with a minimum defect density in the WZ and ZB InAs nanowires. After obtaining optimized growth parameters, we investigated the InP shell growth parameters.
The first parameter under investigation was the effect of temperature on the shell morphology. We observed an increase in InP radial growth at higher temperature for all structures, which we attribute to the more efficient pyrolysis of PH 3 at higher temperatures (in the presence of In precursors) [23, 24] . However, at temperatures above 500 • C, the InAs core nanowires start to decompose axially by a reaction between the Au seed particle and the InAs, at a rate that depends on both temperature and InP growth time. Figures 1(a) and (b) show SEM micrographs of typical InAs nanowires grown at 420 • C before (a) and after (b) 3 min of InP shell growth at 550 • C, demonstrating that the nanowires are completely decomposed after shell growth and only the Au nanoparticles remain on the surface (indicated by black arrows). To address this problem, a short segment of InP was grown axially at a relatively low temperature in order to protect the InAs core nanowire against decomposition at high temperatures (∼500 • C), which is schematically shown in figure 1(c). Depending on the InAs crystal structure, this protective InP top segment was grown at temperatures in • tilted view SEM image of (a) InAs nanowires grown at 420
• C and (b) identical InAs nanowires after 3 min InP shell growth at 550
• C. Schematic sketches of an InAs nanowire (c) with first a short segment of InP grown axially at the temperatures range of 420-460
• C (d) and second a thin InP shell grown radially at 500
the range of 420-460 • C (discussed further in the following sections) for 1 min unless stated otherwise. The second parameter studied was the effect of PH 3 and TMIn molar fractions on the shell morphology. The results revealed that at a fixed temperature, a higher molar fraction of TMIn precursor (compared to the required TMIn molar fraction for the InAs nanowire growth) is needed to promote InP radial growth. The higher TMIn molar fraction is known to enhance the pyrolysis of PH 3 , in turn increasing the growth rate [23] . A schematic sketch of the nanowire after the shell growth is given in figure 1(d) .
The growth results of the various core-shell nanowires are presented in the following sections where sections 3.2, 3.3 and 3.4 present results on WZ, ZB, and twinned crystal structure core nanowires, respectively. Sections 3.4.1 and 3.4.2 further discuss {111}-and {110}-faceted TSL morphologies, respectively.
WZ nanowires
The crystal quality optimization of the InAs core nanowire, to minimize stacking fault formation, depends on several parameters such as temperature, diameter, and precursor molar fractions [21] . In this study, InAs/InP core-shell nanowires with WZ crystal structure were grown from 40 and 20 nm diameter Au nanoparticles. Our investigation revealed that at a constant temperature (420 • C), decreasing the diameter size and lowering the AsH 3 molar fraction result in the formation of fewer stacking faults. It should be mentioned that the protective InP top segment was grown at the same temperature as the InAs nanowire growth (420 • C). This protective segment was necessary since a growth temperature of 500 • C was required to obtain a shell on WZ nanowires; lower InP growth temperatures resulted in only very limited and inhomogeneous radial growth.
Figure 2(a) shows a SEM micrograph of InAs/InP core-shell nanowires seeded from 40 nm diameter Au particles and 10 min InP shell growth. From figure 2(a), it can also be seen that the protective InP top segments visible directly below the Au nanoparticles are also overgrown radially. In addition, the vertical alignment of the nanowires indicates homogeneous shell growth, since inhomogeneous shell growth could result in bending of the final core/shell structures due to high strain [25] . TEM investigation confirmed a homogeneous shell around the InAs core nanowire; a high resolution TEM image is shown in figure 2(b) . A 20 nm InP shell thickness can be concluded from figure 2(b) due to contrast differences arising from average Z number values for InAs and InP. Also, it can be seen that the InP shell mimics the InAs stacking sequence, and stacking faults in the core (black arrows in figure 2(b)) propagate into the shell. A HAADF STEM image is shown in figure 2(c) where, again, the two materials are clearly distinguishable due to Z contrast. Figure 2 (c) indicates that stacking faults in the core nanowire could cause step formation during the shell growth (white arrows in figure 2(c) ). Hence, in order to obtain homogeneous shell growth, it is highly important to prevent stacking fault formation in the InAs core nanowire [22] .
In the following, we decreased the Au particle diameter to 20 nm and changed the TMIn and AsH 3 molar fractions in order to optimize the crystal structure of the core nanowire (as stated above) and hence to minimize step formation during the shell growth. Figures 2(d) and (e) show HRTEM and STEM images, respectively, of a wire with 90 s shell growth time resulting in ∼5 nm InP shell thickness. These nanowires are pure WZ and the InP shell is homogeneously grown around the InAs core nanowire. Figure 2 (f) shows XEDS radial line scan images of the nanowire shown in figure 2(e) where the phosphorus signal (green line) confirms the homogeneity of the grown InP shell. The hexagonal cross-sectional WZ nanowires are terminated by {0110}-type side facets, and the presence of the homogeneous shell around the WZ nanowires suggests a rather long migration length of the growth species on these side facets [22] .
We have also investigated the growth of thinner InP shells (d < 5 nm) by decreasing the shell growth time to 60 and 30 s. XEDS line scans on those samples showed clear phosphorus signals; however, neither HRTEM nor HAADF STEM investigations could resolve the shell thickness. Moreover, it is worth noting that structural characterization on the nanowires grown on the InAs(111) substrates and on the InAs epitaxial layer on Si(111) substrates revealed no differences.
ZB nanowires
Initial investigation on the InP shell growth around InAs nanowires with ZB crystal structure showed that a thin InP shell grows even with only 1 min or 30 s at the low temperatures used to grow the top protective InP segment. As mentioned in section 2, ZB nanowires were grown at 380 • C. Due to the low PH 3 pyrolysis at this temperature [23] , the InP segment was grown at 420 • C, as for the WZ nanowires discussed in section 3.2. Figure 3 (a) shows a SEM image of the ZB nanowires after only 1 min of low temperature InP growth. The axial InP segment is recognizable on the top part of the nanowire as it is almost untapered in contrast to the ZB InAs part of the nanowire. According to the TEM characterization, the InP top segments were pure WZ ( figure 3(b) ). Also, as shown in figure 3(b) , the InP shell thickness is relatively uniform, with an estimated thickness variation of about 25% of the absolute thickness with a moderate density of inclined stacking defects (faults and/or twin planes) in 111 A directions. Figure 3(c) shows a HRTEM image of a similar sample with only 30 s InP growth time, and a magnified view of the same nanowire is shown in figure 3(d) . It is worth noting that triangular cross-sectional ZB nanowires are typically terminated by {112} B-type facets [13, 14, 21] . In fact, these {112}-type facets consist of alternating microfacets of {111} B-and {001}-type, which provide some preferential nucleation sites for the shell growth and hence result in anisotropic shell growth. Also, the presence of these nucleation sites could explain the higher shell growth rate on the ZB nanowires compared to the WZ nanowires. A HAADF STEM image of part of this nanowire is shown in figure 3(e) , indicating <5 nm shell thickness.
As discussed above, during the growth of an InP top protective segment a thin shell with controllable thickness grows simultaneously. However, if a thick shell is required, an extended axial InP segment would also be formed due to the rather low growth temperature (420 • C). Moreover, as the shell thickness increases, the density of stacking defects in the shell will probably increase as well. Therefore, higher temperatures were investigated for the growth of thicker InP shells on the ZB nanowires, in order to control both the axial growth and twinning density. The results showed that using an InP shell growth temperature of 500 • C (similar to the WZ nanowires) results in the growth of an inhomogeneous thick InP shell. However, by using half of the previous TMIn molar fraction (compared to the WZ nanowires) and lowering the shell growth temperature to 470 • C, a homogeneous thick shell could be achieved. At this temperature (470 • C) less time is needed to grow a thicker shell and hence the axial growth length will be shorter. In fact the radial growth rate should increase relative to the axial growth rate. Thus, there is a net advantage to change the temperature (and TMIn).
Figures 3(f) and (g) show SEM and XEDS radial line scan images of the grown nanowires with the abovementioned conditions, respectively. The uniform shell growth is confirmed by the phosphorus signal (green line), shown in figure 3(g) . Also, HRTEM characterization on this sample revealed a relatively lower density of stacking defects compared to the previously grown thick shell samples with double the TMIn molar fraction.
Twinned nanowires
As discussed above, stacking defects are believed to act as nucleation centers for radial overgrowth in WZ nanowires, and microfacets in overall {112}-oriented sidewalls of ZB nanowires may play a role in the high radial growth rate. To fully explore the InP shell growth behavior on the various types of ZB side facets and to better understand the relative roles of crystal structure and InAs facet orientation, two types of twinned superlattice (TSL) nanowires were investigated. The growth results on the TSL {111}-and {110}-type faceted nanowires are discussed in sections 3.4.1 and 3.4.2, respectively.
TSL with {111}-type facets.
TSL InAs nanowires with alternating {111} A and {111} B side facets [26] are interesting crystal structures to investigate InP shell growth since it is known that they have different surface energies and anisotropic overgrowth may be anticipated [27] . As mentioned in section 2, these nanowires were grown at 460 • C and therefore the protective top (axial) InP segment was grown directly after the InAs nanowire growth at the same temperature. Afterwards, the temperature was raised (to 500 • C) and an InP shell was grown, similar to the WZ nanowires. A 30 • -tilted view SEM image of a ZB TSL wire with an additional 30 s InP growth step is given in figure 4(a) , where the inset shows a SEM top view of a wire on the sample indicating the overall hexagonal cross-section of the nanowire; in addition anisotropic outward-directed overgrowth on the TSL facets is noticeable. The protective top InP segment can be recognized clearly below the Au nanoparticle in figure 4(a) . This segment has a stacking fault-rich WZ structure according to TEM investigation (see figure 4(d)) .
A HRTEM image of a detail of figure 4(a) is shown in figure 4(b) , clearly demonstrating the anisotropic periodic shell growth with twin defects perpendicular to the 111 A directions. The fringed side facets suggest considerable anisotropic shell growth with higher growth rates in 111 A compared to 111 B directions. This is consistent with InP layer growth experiments which show much faster growth in 111 A than 111 B directions, particularly for low temperatures [28, 29] . A HAADF STEM image of a nanowire from the same sample is shown in figure 4(c) where the contrast differences indicate an alternating periodic upward-directed shell growth. However, due to the high growth rate of the InP shell, a further study of thinner InP shells was necessary to confirm this type of behavior.
Therefore, and to closely track the initial stage of InP shell growth, we have inspected a sample after only top protective InP segment growth (without any additional temperature increase); as for pure ZB nanowires, considerable radial growth occurs simultaneously at this lower InP growth temperature. HRTEM and STEM XEDS map images, respectively, are shown in figures 4(e) and (d). The TEM data of this thinner shell confirm our earlier conclusion that InP shell growth occurs with comparably higher rates on {111}A facets than on {111}B ones. Furthermore, TEM characterization on several samples reveals the presence of dislocations in the InP shell which are very likely strain-induced, highlighted in the magnified HRTEM image shown in figure 4(f) (black arrows). Our interpretation of the detailed formation mechanism for these dislocations is discussed in section 3.5.
As a side note, the distinction between {111}A and {111}B facets and the corresponding crystal directions is based on the octahedral geometry of a crystal terminated by {111}-type facets only. Since the wires grow along the 111 B direction, we observed six {111}-type wire terminating side facets with the {111}B facets being downward inclined and the {111}A facets being upwards inclined with respect to the growth direction [26] .
Overgrown TSL with {110}-type side facets.
Intentional InAs overgrowth of TSL nanowires with alternating {111}A and {111}B side facets results in the formation of {110}-type side facets (as discussed in section 2) providing another interesting template for the InP shell growth study and an opportunity to distinguish the role of InAs facet roughness from crystal structure. As shown in figure 5(a) , the overgrown TSL segment (pink color overlay) was grown between two WZ segments (purple color overlay). In fact, this nanowire architecture enables the investigation of InP shell growth on two different crystal structures within the same nanowire. Similar to the {111}-type faceted, {110}-type faceted TSL InAs nanowires as well as the protective top InP segment were grown at 460 • C. Figure 5(b) shows a HRTEM image of a similar TSL nanowire with flat {110}-type facets. Figure 5 (c) shows a SEM image of {110}-type faceted TSL InAs nanowires after the growth of the top protective InP segment (without any additional temperature increase).
Although the initial termination of the InAs core wires was rather different, we observed very similar InP shell growth morphologies on the {110} terminated TSL nanowires compared to {111}-type faceted TSL nanowires. A higher shell growth rate on the middle segment ({110} terminated TSL) compared to the top and bottom WZ segments is obvious when comparing figures 5(a) and (c), resulting in a middle segment with an overall larger diameter than the embedding WZ segments. HAADF STEM and HRTEM images of this sample are shown in figures 5(d) and (e), demonstrating the anisotropic periodic overgrowth of the initially flat {110} surfaces. In fact, the anisotropy of {110}-type facets with respect to dangling bonds has been reported [30] . In addition, dislocations were found in the InP shell, with one highlighted by a black arrow in figure 5(e). We attribute these defects to strain, similar to the observations on {111}-type faceted TSL nanowires. The inset shows a higher magnification image of the dislocation in figure 5(e).
Understanding the radial overgrowth process on TSL nanowires
The TEM data presented for the {111}-type faceted TSL nanowires (section 3.4) could provide some insight into the mechanisms occurring during the shell growth. We suggest that as the InP preferentially nucleates on the {111}A side facets (with resulting higher growth rates), it outgrows onto the {111}B side facets and hence fills the gap between each two adjacent {111}A facets [18] . At this stage, the stress-induced dislocations might form at the meeting place, shown by the black arrows in figure 4(f) . Figure 6 (a) shows a HRTEM image of a {111}-type faceted TSL sample covered with a thin InP shell where contrast differences represent alternating {111}A (brighter) and {111}B facets (darker), also highlighted by the solid and dashed lines, respectively. It should be mentioned that part of the contrast also originates from the strain between the InAs core and InP shell due to their lattice mismatch. A schematic diagram of the growth, shown in figure 6(b) , illustrates the initial stage of the shell growth with a black dashed arrow indicating the dislocation position on the {111}B facets at the meeting place of overgrowth fronts originating from the surrounding {111}A facets.
As stated in section 3.4.2, a similar shell morphology was observed for the {110}-type faceted TSL nanowires. We assume that the {111} facets are thermodynamically lower surface energy facets than the {110}-type facets for the InP growth conditions. Anisotropic overgrowth with higher growth rates in 111 A directions compared to 111 B directions was observed for the overgrown TSL nanowires for identical InP shell growth conditions as mentioned above. Each ZB segment of the TSL section can be treated as a single crystal itself just being alternately rotated by 180 • against each other and terminated by {110} facets parallel to the 111 B growth direction. If we recall the crystallographic considerations from section 3.4.1, this means that upward inclined overgrowth occurs in 111 A directions only, hence repeatedly after 120 • on each ZB segment but with a corresponding angular offset of 60 • between adjacent twinned ZB segments. Figure 6 (c) shows a detailed HRTEM image of a {110} faceted TSL nanowire covered with a thin InP shell (with identical shell growth condition as for the sample imaged in figure 6(a) ). A similar schematic diagram for the TSL {110} faceted nanowires is shown in figure 6(d) where the black dashed arrow could likewise explain the dislocation observed in figure 5 (e).
Conclusion
We have investigated the heteroepitaxial growth of the InAs/InP core-shell nanowires with various pure core crystal structures including WZ, ZB, and periodically twinned ZB with two different initial facet orientations. The growth parameters required to achieve uniform InP shells for all structural varieties of the InAs core nanowires were investigated in this study. We demonstrate that a homogeneous InP shell could be grown at a relatively high temperature (∼500 • C), particularly for WZ nanowires, but that InAs core nanowires decompose at such temperatures. However, the use of a short axial InP protective segment grown at a lower temperature (∼420 • C) prevents the InAs nanowire decomposition and hence allows for high temperature InP shell growth. In addition, the WZ core-shell nanowires exhibited very similar structural properties when grown on either InAs epitaxial layers on the Si(111) or on commercial InAs (111) substrates.
All ZB nanowires, including both pure and periodically twinned nanowires with various facet orientations, exhibited a considerably higher InP shell growth rate compared to the WZ core nanowires, attributed to the higher nucleation rate and respective rather short diffusion length of the growth material on the corresponding side facets. Thin and relatively uniform shells could be grown at lower temperatures, while higher temperatures were used to obtain higher-quality thick shells while minimizing competing axial InP growth. We also observed, for periodically twinned ZB nanowires, that the initial facet orientation played a relatively minor role in InP radial growth behavior. A schematic model was suggested to clarify the InP shell growth on the TSL crystal structures.
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